Introduction
============

Major depressive disorder (MDD) is defined as the presence of depressed mood or anhedonia for more than 2 weeks, accompanied by additional symptoms (for example, suicidal thoughts, sleep disturbances and so on). MDD is a burdensome disorder with a substantial and increasing impact on society,^[@bib1],\ [@bib2]^ and a lifetime prevalence of up to 17%,^[@bib3]^ with recent findings suggesting an even higher prevalence.^[@bib4]^ Treatment strategies include pharmacotherapy,^[@bib5]^ psychotherapy,^[@bib6]^ repetitive transcranial magnetic stimulation (rTMS)^[@bib7]^ and electroconvulsive therapy (ECT).^[@bib8]^ Up to 30% of patients with MDD however do not adequately respond to treatment. In these treatment-resistant MDD (TRD) patients, the disorder often takes a chronic, disabling course.^[@bib9],\ [@bib10]^

Functional imaging studies have resulted in a better understanding of the brain regions involved in the pathology of MDD.^[@bib11]^ This in turn has led to a search for treatment options targeting this dysfunctional neurocircuitry. Several potential targets for deep brain stimulation (DBS) have been investigated: the subcallosal cingulate (SCC, Cg 25),^[@bib12],\ [@bib13],\ [@bib14],\ [@bib15],\ [@bib16]^ nucleus accumbens (NAc),^[@bib17]^ ventral capsule/ventral striatum (VC/VS),^[@bib18],\ [@bib19]^ and supero-lateral medial forebrain bundle (MFB)^[@bib20]^ might all be valuable in the treatment of TRD.

Since 1998, we have been investigating DBS in the anterior limb of the internal capsule and the bed nucleus of the stria terminalis (IC/BST), for obsessive-compulsive disorder (OCD).^[@bib21],\ [@bib22],\ [@bib23],\ [@bib24]^ A sustained, and often immediate, reduction in obsessions, compulsions, anxiety and depressive mood was demonstrated in these OCD patients, particularly when the active stimulation contacts were situated in or near the BST.^[@bib22]^ The BST is located in the immediate vicinity of the VC/VS and NAc region that has been used in other DBS trials for psychiatric disorders, but meticulous neuroanatomical analyses have indicated that the stimulated region in our patients does not or only partially overlaps with the target in VC/VS studies that provided details about their exact stimulation target.^[@bib25]^ The BST is part of the limbic system^[@bib26],\ [@bib27]^ and, for the present study, this target was mainly chosen because of the beneficial effects on comorbid depressive symptoms in our OCD patients.^[@bib24]^ Moreover, a strong theoretical argument can be made for the BST as a target for treating TRD, as it has projections to many of the above-mentioned structures (MFB, NAc)^[@bib28]^ and might function as a relay center in the processing of reward, stress and anxiety.^[@bib29]^ The potential usefulness of this target is further underlined by the correlation of local field potential power in this area and symptom severity in TRD patients.^[@bib30]^

A potential disadvantage of DBS at IC/BST is the rather high charge density compared to typical stimulation parameters used for DBS in Parkinson's disease,^[@bib31]^ necessitating frequent replacements of the neurostimulators or the use of rechargeable batteries.^[@bib22]^ To address this issue, we further explored the inferior thalamic peduncle (ITP) as a DBS target. Bilateral ITP stimulation was reported to induce beneficial effects in one TRD patient.^[@bib32]^ ITP connects the dorsomedial thalamus with the orbitofrontal cortex, which both show hypermetabolism in depressed patients.^[@bib33]^ ITP is a small structure and might require lower charge densities to be stimulated effectively (for a more detailed description of ITP as a target in MDD patients, we refer to Velasco *et al.*^[@bib33]^)

Because of the limited experience with ITP stimulation in TRD patients, we opted to directly compare IC/BST and ITP stimulation. We hypothesized that electrical stimulation at both targets would be equally safe and effective, but that ITP stimulation would require lower charge densities, implying longer battery life. To our knowledge, until now, there are no studies comparing different psychiatric DBS targets in the same patient.

Materials and methods
=====================

Eligibility criteria for participants
-------------------------------------

Patients were initially screened by a comprehensive review of their psychiatric history, obtained by interviewing the patient, family and treating psychiatrist and/or psychologist, as well as by examining all the available records of previous psychiatric treatment. Inclusion criteria ensured the severity, treatment-refractoriness and incapacitating nature of MDD.

Patients were considered candidates for this trial if they were 18--65 years old, had MDD, unipolar type, diagnosed by the Structured Clinical Interview for DSM-IV (SCID-IV)^[@bib34]^ and judged to be of disabling severity, with a 17-item Hamilton Depression Rating scale (HAM-D) score of at least 19 and Global Assessment of Function (GAF) score of 45 or less. MDD had to be recurrent (\>4 episodes) or chronic (episode duration \>2 years). Other requirements were a minimum of 5 years since the onset of the first depressive episode, with documented major impairment in functioning or potentially severe medical outcomes (repeated hospitalizations, serious suicidal ideation or a history of previous suicide attempts or other self-injurious behavior). Treatment history was required to prove failure in response to adequate trials of pharmacotherapy and ECT. For more detailed inclusion and exclusion criteria, see [Supplementary Information](#sup1){ref-type="supplementary-material"}. Medication was tapered off to a bearable minimum and maintained on a stable regimen throughout the first year of DBS.

Patients were recruited from Belgium and The Netherlands, and were screened and followed up both at the psychiatric department of the University Hospital of Antwerp (until June 2007) and the University Hospitals of Leuven (from July 2007 onwards), and at the neurosurgical department of the University Hospitals of Leuven. The protocol was approved by the medical ethics committees of the University of Antwerp and the University Hospitals of Leuven, and all patients provided witnessed informed consent.

Clinical trial design
---------------------

For a schematic overview, see [Figure 1](#fig1){ref-type="fig"}. Four quadripolar leads (Medtronic, Minneapolis, MN, USA) were implanted; two bilaterally in IC/BST and two bilaterally in ITP. Electrical stimulation was initiated 2--4 weeks after implantation. During a subsequent period of \~5 months, stimulation parameters (voltage, pulse width, frequency and contacts used) of the anterior IC/BST electrodes were optimized. Clinical evaluation by the psychiatrist, considering both beneficial and adverse effects, was used to adjust parameters. If a stable reduction of 50% was found on HAM-D scores for a period of several weeks, patients entered the first crossover (if after a period of 1 year no stable reduction in HAM-D scores was found, patients continued to the crossover anyway). The first crossover consisted of 1 week of stimulation OFF and 1 week of IC/BST stimulation in randomized order. Our prior experience with longer (that is, 6 months) blinded crossover studies in OCD patients learned that a substantial portion of the patients might refuse to enter or drop out during such a long blinded crossover period.^[@bib22]^ Therefore, the first crossover was included to optimize the chances of having an initial, brief double-blind evaluation of the hypothesized depression-reducing effects of IC/BST stimulation in as many patients as possible. After the first crossover, patients received a second optimization period, during which parameters for ITP stimulation were determined. After ITP optimization, patients continued to the second crossover. This crossover consisted of 2 months of IC/BST stimulation, 2 months of ITP stimulation and 2 months of stimulation OFF, again in a randomized order. As the change in stimulation condition at the start of each crossover phase may provoke a change in mood and potential appearance of suicidal ideation, the patient could (if necessary) be hospitalized in a psychiatric ward, without breaking the blind. An escape procedure was implemented for the second crossover, because of its longer, 2-month phases: if during one of these periods, mood deteriorated beyond baseline scores, or if both the patient and psychiatrist decided that the suffering of the patient necessitated abbreviation of that period, this was discussed in the team, and after full psychiatric evaluation, the neurosurgeon started the next condition without unblinding patient or evaluators. After the second crossover, patients could continue stimulation if they wished to do so using the target that provided the best result for the patient. Psychiatric visits were scheduled every 2 weeks during the optimization periods, and at the end of each crossover phase. If necessary, patients could request additional consults at any time throughout the study. After the crossover period, follow-up visits were planned according to clinical necessity.

Intervention
------------

After mounting the CRW stereotactic frame, T2-weighted magnetic resonance (MR) images without contrast medium and MPRAGE images with contrast medium were acquired together with a computed tomography (CT) of the brain. Implantation of all four electrodes was performed in a single session. Using routine stereotactic techniques under local anesthesia with sedation, the patients received quadripolar 3887-28 (patients C1--2), 3387 (C3--5) or 3391 (C6--7) leads (Medtronic) in left and right IC/BST^[@bib22],\ [@bib35]^ and 3389 DBS electrodes (Medtronic) in left and right ITP. The ITP target was determined using the stereotactic atlas of Mai *et al.*^[@bib36]^ A postoperative CT (C4, C6 and C7) or MR scan (1.5-T system with a send/receive head radiofrequency coil only and specific absorption rate limited to 0.4 W kg^−1^) confirmed the absence of important intracranial hemorrhage and fusion with preoperative MRI allowed comparison between planned and actual trajectory of the leads. Short pulsed sequences were avoided and low specific absorption rate was used on a 1.5 T MR to preclude potentially dangerous temperature rises around the electrodes.

In C1, a 3389 lead could only be implanted in the right ITP as due to vascularization, no trajectory that safely reached the left ITP could be found. In all other patients, four leads were implanted.

Outcome measures
----------------

Extensive well-validated and reliable measures (both clinician- and patient-rated) were taken at baseline and throughout the different stages of the study. The 17-item HAM-D^[@bib37]^ was used to quantify the severity of depressive symptoms and was the primary outcome measure of this study. Response to DBS was defined as a 50% decrease on the HAM-D compared to baseline^[@bib17]^ and a score of 7 or less was defined as remission.^[@bib38]^ We also included secondary psychiatric measures and neuropsychological tests (for details see [Supplementary Information](#sup1){ref-type="supplementary-material"}). Evaluation time points of psychiatric outcome measures are indicated with arrows in [Figure 1](#fig1){ref-type="fig"}. Neuropsychological measures were taken at baseline and at the end of each optimization and crossover phase. After the second crossover, psychiatric outcome measures were evaluated regularly with a formal evaluation at least every 12 months including all secondary psychiatric measures.

In addition, charge densities (per phase, per contact) were evaluated for both stimulation targets.^[@bib31]^ They were calculated using the contact surface area, voltage and pulse width from the second crossover and the impedances measured at the start of each crossover phase.

Electrode position
------------------

To investigate the precise stimulation target in more detail, we transferred the center of the active contacts (cathodes) on Mai's brain atlas.^[@bib22],\ [@bib36]^ Using pre- and postoperative MR and CT, we localized the exact position of the cathodes for each patient during both crossover phases and at follow-up. For C4--C6--C7, we merged preoperative MR and postoperative CT scans using Medtronic FrameLinkTM Software (Medtronic). For the remaining four patients, postoperative MR scans were used. All digital images were manually reformatted along the intercommissural plane. Finally, contact positions were determined by two observers (LL & BN) taking into account all the available neuroanatomical information and marked on the atlas plates.

Statistical methods
-------------------

The sample size for this study was calculated based upon the effects of DBS on comorbid depressive symptoms in six OCD patients.^[@bib24]^ Assuming an effect size of 2 and a within-patient standard deviation of 6.5 on the HAM-D scale, a sample size of seven patients in a crossover study with two conditions (ON and OFF), results in 80% power at an alpha level of 0.05. We aimed to include 10 patients in this first exploratory trial, to account for dropout. However, the study was aborted before this original aim was reached and the final sample size during crossovers was quite small (six and five patients). The originally proposed analysis was therefore not feasible. Instead, we analyzed the primary outcome (HAM-D) using a paired *t*-test for the first crossover and follow-up periods and a repeated measures ANOVA for the second crossover, assuming the absence of carry-over effects. Normality of residuals was tested for using a Shapiro--Wilk test. Because of the limited group sizes, we refrained from using any other inferential statistics. Descriptive statistics are given for other outcome measures. IBM SPSS Statistics version 22 was used for all analyses.

Results
=======

Patients
--------

Inclusion for the study started on 1 January 2005 and ended on 31 December 2009. During these 5 years, 53 patients were screened and 11 patients were eligible. Ultimately, 4 men and 3 women were willing to participate in this study ([Table 1](#tbl1){ref-type="table"} and [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Mean (s.d.) age at implantation was 50.0 (5.6). Participant flow is shown in [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}.

Patients required intensive follow-up by the neurosurgeon and psychiatrist, with frequent patient contacts in the outpatient clinic, not only during the optimization and crossover periods, but also during follow-up. Mean number of outpatient visits to the psychiatrist (including optimization of stimulation parameters) was 21.9 per year (range 14.4--32.0). Mean number of outpatient visits to the neurosurgeon (including replacement of neurostimulators due to end of life of battery) was 4.2 per year (range 2.1--6.3) during follow-up. Patients required battery replacement on average every 14 months. To reduce the burden of these surgeries, patients were implanted with a rechargeable system (Activa RC, Medtronic).

Outcomes
--------

### Postoperative period

Immediately after surgery and before neurostimulators were turned on, mean (s.d.) HAM-D dropped to 14.4 (6.7). This effect was temporary and after a period of 2--4 weeks mean (s.d.) HAM-D scores increased to 22.3 (6.8).

### IC/BST optimization

At the end of the open optimization for the IC/BST leads, six out of seven patients were responders, and five were in remission. Stimulation parameters and HAM-D (mean (s.d.): 7.2 (3.6)) scores at the end of the IC/BST optimization period are given in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}.

### ITP optimization

Two patients aborted the ITP optimization period prematurely due to the lack of beneficial effect and were considered non-responders to DBS in ITP. They were not willing to participate in the second crossover. At the end of the open optimization for the ITP leads, four out of seven patients were responders, and one of these was in remission. Parameters and HAM-D scores (mean (s.d.): 8.8 (2.7)) at the end of the ITP optimization period are given in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}.

### Crossovers

During the first crossover (*n*=6), mean (s.d.) HAM-D scores were 21.5 (2.7) for no stimulation (stimulator OFF) and 11.5 (8.8) for IC/BST stimulation ([Figure 2](#fig2){ref-type="fig"}). Four out of six patients were responders to DBS in IC/BST. Remission was achieved in three of those. The difference between both stimulation conditions approached significance (*t*(5)=−2.38, *P*=0.06). Five patients were able to correctly guess if they were being stimulated. Notably, C7 who showed a deterioration with DBS during the first crossover was aware of the stimulation condition.

During the second crossover (*n*=5), mean (s.d.) HAM-D scores were 15.4 (7.5) for no stimulation, 7.6 (3.8) for IC/BST stimulation and 11.2 (7.5) for ITP stimulation ([Figure 2](#fig2){ref-type="fig"}), without a main effect of stimulation condition (F~(2,8)~=1.68, *P*=0.25). During the IC/BST stimulation phase, four patients were responders to DBS, two of them being in remission. Three patients were responders to DBS in ITP and two of them were in remission. Four patients correctly guessed whether they were being stimulated, three patients were able to differentiate between ITP and IC/BST stimulation. This partial unblinding resulted from a combination of both clinical response and/or recurrence of some mild side effects which they had already experienced during the unblinded optimization periods. The stimulation OFF phase was shortened to 4 weeks in two patients because of severe deterioration of depressive symptoms. Average charge densities were calculated for ITP stimulation (42.8 μC cm^−2^ per phase) and IC/BST stimulation (34.3 μC cm^−2^ per phase) for the five patients completing both optimization periods. The difference was not statistically significant (*t*(7)=1.08, *P*=0.32).

Secondary outcomes for both crossovers are shown in [Table 2](#tbl2){ref-type="table"}. Both the Montgomery--Åsberg Depression Rating Scale (MADRS) and the Inventory of Depressive Symptoms (IDS) confirmed the decrease in depressive symptoms when stimulation was turned on. When comparing IC/BST stimulation with ITP stimulation, IC/BST generally seemed to have better effects.

Descriptive statistics for neuropsychological tests during the second crossover are summarized in [Supplementary Table S3](#sup1){ref-type="supplementary-material"}. No evidence was found for cognitive decline during stimulation in IC/BST or ITP. On the contrary, stimulation seemed to improve neuropsychological test scores. The effect was usually greatest for IC/BST stimulation. Due to the small sample size and multiple tests, we opted not to analyze these data statistically.

### Three years and last follow-up

Three years after DBS implantation all patients were stimulated at IC/BST. Mean (s.d.) HAM-D had dropped from 24.9 (3.6) at baseline to 9.7 (5.4), that is, an average reduction of 61%. This decrease was statistically significant (*t*(6)=6.96, *P*\<0.001). Five out of seven patients were responders and two were in remission. Secondary measures are shown in [Supplementary Table S4](#sup1){ref-type="supplementary-material"}.

At last follow-up, on average 63 months (range 36--97) after DBS implantation, the mean (s.d.) HAM-D was 10.6 (4.2) (significant reduction compared to baseline, *t*(6)=7.11, *P*\<0.001), and only one patient (C2) preferred DBS in ITP. Secondary outcomes are shown in [Supplementary Table S3](#sup1){ref-type="supplementary-material"}. During follow-up, fluctuations in the severity of depressive symptoms were observed in most patients. Two patients committed suicide respectively after 39 and 80 months of DBS. One of these patients (C1) was a responder with a 56% decrease in HAM-D score at 79 months follow-up. The other patient (C4) had a reduction of 42% at 36 months. Four out of five remaining patients (C2, C3, C5 and C6) were responders, and two of them were in remission. C7 had a reduction of 36% at last follow-up.

Mean (s.d.) general Quality of Life Enjoyment and Satisfaction Questionnaire (Q-Les-Q) scores increased from 34.9 (9.5) to 56.0 (10.9) at last measurement (21--81 months after surgery).

Before surgery, patients took an average of 4.7 different psychotripic agents. At last follow-up, one patient required no additional medication to remain in remission. One patient only used a benzodiazepine for sleeping difficulties. On average, patients took 3.4 different psychotropic drugs.

Electrode position
------------------

A detailed examination of the cathodes' position ([Figure 3](#fig3){ref-type="fig"}) showed that, for the IC/BST target, active contacts were indeed typically located in the BST or IC. All patients had bilateral contacts in or bordering the BST during crossover and/or at follow-up. C2 and C3 were stimulated rather dorsally and anterior in the anterior limb of the IC, but they had additional active contacts, situated more ventrally in the IC and BST. For the ITP target, which is very small, three patients had cathodes centered in this brain region (C3 bilaterally, C2 and C5 unilaterally), while all other active contacts were located adjacent to the ITP.

Adverse events
--------------

A total of 75 different adverse events (AEs) and 11 serious AEs were reported during the course of this trial. A full list can be found in [Supplementary Table S5](#sup1){ref-type="supplementary-material"}. There were four device-related serious adverse events (conversely labeled leads, two infections around neurostimulator site, damage of IC/BST electrode) leading to additional surgical procedures. The number of AEs reported during IC/BST stimulation is higher than during ITP stimulation, but the total time during which patients were stimulated in ITP is also shorter (total of 98 months versus a total of 341 months for IC/BST stimulation). Most common were psychiatric AEs (for example, increase in depressive symptoms, sleep disturbances). We noticed the emergence of extrapyramidal-like symptoms (hypomimia, micrographia, hesitant walking, less fluent movement) during ITP stimulation in one patient, which disappeared when stimulation was turned off. We have not yet encountered such symptoms in our experience with DBS in IC/BST.

An increase in depressive symptoms was reported by all patients at some point. Some patients also reported an increase of suicidal thoughts. One patient (C5) showed, after a period of remission, a deterioration of depressive symptoms and was hospitalized. During this hospitalization, he committed suicide, 39 months after DBS implantation. No new stressful life events were mentioned in the period preceding the suicide. Another patient (C1) responded well to DBS but had frequent relapses with suicidal ideations and suicide attempts. After 79 months of stimulation, the patient was a responder to DBS, but committed suicide a month after the last evaluation. Both patients had a history of suicide attempts before DBS implantation. Note that CT scans were performed to evaluate a potential electrode position shift in these patients (respectively 34 and 51 months after electrode implantation), but no electrode deviation was found.

Discussion
==========

In this study, two stimulation targets were compared directly, to our knowledge for the first time in a psychiatric population. Although we clearly observed clinically relevant effects in our patients, predominantly for stimulation in IC/BST, these findings could not be substantiated statistically in the crossovers, probably due to a lack of power, given the limited sample size, which is the main limitation of this study. Therefore the data and conclusions presented here, have to be considered as being preliminary. Another limitation in this study is partial unblinding, as blinded patients and psychiatrists were often able to correctly guess whether stimulation was ON or OFF. There was, however, less confidence about the target that was being stimulated.

The second crossover did not give a decisive answer regarding the superiority of either IC/BST stimulation or ITP stimulation, but the last follow-up data might provide some clues, as six out of seven patients preferred IC/BST stimulation. After completion of both crossovers, only one patient (C2) preferred further ITP over IC/BST stimulation. At last follow-up, that is, 8 years after implantation, she continued to experience a substantial decrease in depressive symptoms as compared to the preoperative situation (HAM-D reduction from 31 to 6). Note that the charge densities for both targets were similar and can therefore not account for potential differences in outcome per target. This finding also refutes our initial hypothesis that ITP stimulation might require lower charge densities than IC/BST.

It has been suggested that differentiation among symptom clusters of depression might guide the choice between stimulation targets.^[@bib39]^ In our study, we could not detect differences in the phenomenology of MDD in the only patient that responded better to ITP stimulation. She experienced a traumatic childhood and had a secondary diagnosis of an anxiety disorder, but was not the only patient with these characteristics. Her anxiety diminished markedly under ITP stimulation and less under IC/BST stimulation. The other two patients with a secondary diagnosis of an anxiety disorder responded better to IC/BST stimulation, with a substantial reduction in HAM-A scores, consistent with our findings in OCD patients.^[@bib22]^

Careful analysis of the neuroanatomical position of the active electrode contacts indicated that all patients were stimulated bilaterally in or bordering the targeted structure (note that the stimulated volume extends further that physical boundaries of the contact^[@bib22]^), sometimes with additional contacts outside this region. Variability in clinical outcome of DBS in this target can therefore not be explained solely by the anatomical position of the cathodes. This is in line with previous research in another DBS target for TRD (subcallosal cingulate), showing that the contact location was not the only factor discriminating responders from non-responders,^[@bib40]^ and with our own findings with DBS for OCD in BST.^[@bib22]^ Despite the absence of statistical significance in the crossovers, at the time of writing, four patients continue to receive IC/BST stimulation and experience substantial alleviation of depressive symptoms.

IC/BST and ITP stimulation were accompanied by similar adverse events, and after the crossovers, the IC/BST target was generally chosen on account of better clinical effects, not because of fewer (or less severe) adverse events. Neuropsychological test scores did not reveal any acute worsening of cognitive function during either IC/BST or ITP stimulation, which is in line with previous DBS studies.^[@bib22],\ [@bib41]^ As most severe adverse events, we unfortunately report that two patients committed suicide during the course of this study. Patients suffering from severe depression are already at high risk for committing suicide (up to 15% \[^ref.\ [@bib42]^\]). A patient not responding to DBS might lose any hope of recovery, as DBS is often regarded as a last resort. Nevertheless, even patients who do respond to DBS may continue to be at risk for suicide, for example, in case of (temporary) relapses. Moreover, suicidal ideation might persist even when treatment reduces depressive symptoms in general.^[@bib42]^ Other DBS for TRD trials have also reported completed suicides,^[@bib12],\ [@bib43]^ although suicide rates remained below those of severe MDD patients without DBS.^[@bib44]^ The intense follow-up provided after DBS implantation might protect against suicide. However, it has been put forward that DBS might increase impulsivity,^[@bib45]^ which could lower the threshold for suicide attempts in DBS patients.^[@bib46]^ In our study, the suicides did not seem to be related to DBS, nor were there any signs of increased impulsivity in these patients.

Although we did not include new patients after the second suicide, these unfortunate occurrences were not the deciding factor for the premature end of this study. Rather, recruitment of patients was much slower than expected (only seven patients in 5 years) and implantation in ITP did not seem to have added beneficial effects in most patients, questioning the justification of continuing with a more complicated intervention, with four electrodes instead of two. Although our within-subject approach allows for the most scientifically sound comparison of different DBS targets, the lengthy study design might discourage patients, as it requires even more commitment than a 'regular' DBS crossover study with only one target. Taken together, a within-subject evaluation of different DBS targets remains very challenging.

Open-label trials in SCC, NAc and VC/VS generally found that about half of the TRD patients responded to the treatment,^[@bib12],\ [@bib13],\ [@bib14],\ [@bib15],\ [@bib16],\ [@bib17],\ [@bib18]^ similar to our findings at last follow-up, but response rates might be even higher for DBS in the supero-lateral MFB, with six out of seven responders in a pilot study.^[@bib20]^ As mentioned above, different targets might influence different symptom clusters, while resulting in comparable overall scores on depression rating scales, explaining the comparability of results in open-label studies. Electrical stimulation of the NAc, for example, reduces anhedonia.^[@bib47]^ Stimulation in SCC appears to first improve mood and only later are sleep disturbances and anxiety symptoms observed.^[@bib48]^ In a rat model for depression, DBS in the MFB and SCC analog seemed to alleviate different symptoms.^[@bib49]^

A randomized controlled trial of DBS in VC/VS did not find a significant difference between an active and sham-stimulation group.^[@bib19]^ A recent multicenter crossover study of DBS in the anterior limb of IC had more promising results with a statistically significant reduction of depressive symptoms during active stimulation as compared to no stimulation.^[@bib50]^ This seems to be in line with our preliminary results of stimulation in IC/BST.

In conclusion, we found a clinically relevant effect of DBS on MDD symptoms in severe treatment-refractory patients for both IC/BST and ITP stimulation. These observations could not be statistically confirmed during the crossover phases of this study, probably due to the limited sample size. We do find a statistically significant reduction in depressive symptoms when comparing baseline with 3-year follow-up and with last follow-up (3--8 months). All patients, except one, preferred IC/BST stimulation.
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![Study design. IC/BST stimulation is indicated in blue, ITP stimulation in green and stimulation OFF in red. Duration of different phases is indicated above the study design. Time points when psychiatric measures were collected, are indicated by arrows. Blinding modalities are indicated below. Evaluators (neuropsychologist and psychiatrist) and patients were blinded during the crossover phases of the study. The neurosurgeon (BN) generated the stimulation condition sequence for each patient separately (using [www.random.org](http://www.random.org) services) and allocated interventions accordingly. IC/BST, internal capsule/bed nucleus of stria terminalis stimulation; ITP, inferior thalamic peduncle stimulation; OFF, no stimulation; w, weeks; m, months.](tp201766f1){#fig1}

![Primary outcome during crossovers. Primary outcome of both randomized crossovers, Individual data are indicated in different colors. C1--7, patients 1--7; HAM-D, Hamilton Depression Rating scale (17 items); IC/BST, internal capsule/bed nucleus of stria terminalis stimulation; ITP, inferior thalamic peduncle stimulation; OFF, no stimulation.](tp201766f2){#fig2}

![Cathode locations. Coronal brain slices showing the location of the center of cathodes selected for crossovers after the optimization periods and those used at follow-up (seven patients) (for detailed information see [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Contacts are depicted in different shades of gray, according to their usage during the crossover phase(s) and/or at follow-up, see legend in the right bottom corner. The number in each contact refers to the patient number. Note that some patients were simultaneously stimulated with more than one contact, for example, the three contacts shown on the slice at +5.4 mm are from one patient, as indicated by the repeated patient number. On each slice, the position anterior (−) or posterior (+) to the anterior commissure is specified (top center), as well as the target area (IC/BST or ITP, indicated in italic in the bottom left corner). Instead of showing complete coronal slices, a detailed window is shown, bilaterally extending 20 mm from the midline, dorsally extending 20 mm above the intercommissural plane for the IC/BST slices, and both dorsally and ventrally extending 10 mm from this plane for the ITP slices, as depicted in the bottom left panel. In addition, a sagittal radiograph of the brain with indication of the stimulation leads is shown (bottom center panel). 3V, third ventricle; ac, anterior commissure; ALIC, anterior limb of the internal capsule; AM, anteromedial thalamic nucleus; BST, bed nucleus of the stria terminalis; Cd, caudate nucleus; DMH, dorsomedial hypothalamic nucleus; EGP, external globus pallidus; Fa, fasciculosus nucleus; fx, fornix; IC, internal capsule; IGP, internal globus pallidus; ITP, inferior thalamic peduncle; LH, lateral hypothalamic area; LS, lateral septal nucleus; LV, lateral ventricle; Pa, paraventricular hypothalamic nucleus; PRt, prereticular zone; Pu, putamen; PV, paraventricular thalamic nucleus; Rt, reticular thalamic nucleus; VA, ventral anterior thalamic nucleus; ZI, zona incerta. All images, except for the radiograph, are adapted from Mai's Atlas of the Human Brain.^[@bib36]^](tp201766f3){#fig3}

###### Demographic data

  *Patient*    *Gender*  *Age at onset (years)*   *Age at implant (years)*    *Primary diagnosis*  *Secondary diagnosis (axes I and II)*          *Illness duration (years)*   *HAM-D at baseline*
  ----------- ---------- ------------------------ -------------------------- --------------------- ---------------------------------------------- ---------------------------- ---------------------
  C1              F      32                       43                                  MDD          Anxiety disorder NOS, schizotypal PD           11                           27
  C2              F      47                       52                                  MDD          Panic disorder, specific phobia                5                            31
  C3              M      29                       45                                  MDD          Dependent PD                                   16                           23
  C4              M      37                       47                                  MDD          Generalized anxiety disorder, panic disorder   10                           26
  C5              M      45                       56                                  MDD          ---                                            11                           21
  C6              M      22                       58                                  MDD          Obsessive-compulsive PD                        36                           21
  C7              F      35                       49                                  MDD          Dependent PD                                   14                           25

Abbreviations: C1--7, patients 1--7; HAM-D, Hamilton Depression Rating scale (17-items); MDD, major depressive disorder; NOS, not otherwise specified; PD, personality disorder Demographic data for all seven patients at baseline. Primary and secondary diagnoses according to DSM-IV-TR criteria. Illness duration refers to the time between first emergence of depressive symptoms and DBS implantation.

###### Secondary measures during crossovers

  *Scale*   *Crossover 1 (*n=*6)*   *Crossover 2 (*n=*5)*                                 
  --------- ----------------------- ----------------------- -------------- -------------- --------------
  MADRS     36.0 (3.9)              16.5 (11.7)             25.0 (9.6)     13.4 (6.9)     17.6 (9.7)
  IDS       40.0 (10.7)             31.0 (16.9)             35.0 (8.9)     16.6 (5.8)     33.2 (15.8)
  BHS       14.3 (6.0)              11.7 (6.1)              12.6 (4.3)     6.4 (2.7)      10.0 (4.1)
  HAM-A     17.5 (3.2)              11.0 (9.5)              10.8 (4.0)     7.4 (3.4)      7.2 (4.7)
  GAF       47.5 (5.2)              60.8 (11.1)             52.0 (12.5)    68.0 (8.4)     62.0 (16.4)
  CGI-S     4.7 (0.5)               2.3 (1.5)               3.2 (1.6)      1.4 (1.1)      2.6 (1.5)
  PGI-S     5.2 (0.4)               2.5 (2.1)               3.8 (1.8)      1.8 (1.6)      2.6 (1.8)
  CGI-I     3.2 (0.4)               4.8 (1.2)               3.8 (1.3)      5.0 (1.0)      4.6 (1.0)
  PGI-I     3.0 (0.0)               4.8 (1.2)               3.8 (0.8)      4.8 (0.8)      1.6 (1.1)
  SCL-90                                                    184.0 (51.4)   145.6 (46.1)   159.0 (45.6)

Abbreviations: BHS, Beck Hopelessness Scale; CGI-I, Clinical Global Impressions-Improvement; CGI-S, clinical global impressions-severity; GAF, global assessment of function; HAM-A, Hamilton Anxiety Rating Scale; IC/BST, internal capsule/bed nucleus of stria terminalis stimulation; IDS, Inventory for Depressive Symptoms; ITP, inferior thalamic peduncle stimulation; MADRS, Montgomery--Åsberg Depression Rating Scale; OFF, no stimulation; PGI-I, patient global impressions-improvement; PGI-S, patient global impressions-severity; SCL-90, symptom checklist 90 items. Summary of secondary measures during both crossovers. Means and s.d. are shown.
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